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A B S T R A C T   

The electronic and optical properties of Y2O2S and its Er+3 doped counterparts at various concentrations are 
analyzed using density functional theory (DFT) and simulated x-ray near edge (XANES) spectra. Our simulations 
are complemented by absorption experiments, which show Y2O2S:Er+3 light emissions in the visible and near 
infrared. These emissions correspond to Er f–f intraband transitions. We use DFT and DFT+U to calculate the 
band structure of the Y2O2S and its Er+3 doped counterparts, whereas optical properties are calculated using the 
independent particle approximation (IPA). The host Y2O2S optical properties are also calculated using the 
random phase approximation (RPA) and the many-body GW0 approximation. Our IPA calculations on the Y2O2S: 
Er+3 reveal transitions in the energy region of the bandgap, which are absent in the host spectrum. These are 
assigned to Er f–f intraband transitions in the visible and near infrared, by applying a rigid energy shift. 
Moreover, XANES calculations at the Er M5-edge reveal a pre-edge broad shoulder in the proximity of the Er 4f 
band, which is also supportive of the f–f intraband transitions.   

1. Introduction 

Rare earth doped materials have unique optical and electrical 
properties and serve in optoelectronic devices, such as displays [1–3]. 
Among the rare earth doped materials, Y2O2S serves as a phosphorescent 
host for doping with Eu [4–6], Er [7,8], Mg, and Ti atoms [5,9]. Y2O2S is 
a wide band semiconductor with an indirect band gap of 4.6–4.8 eV 
[10–12]. It can be easily synthesized in the laboratory and it has been 
reported as one of the most efficient upconversion hosts [13]. The Y2O2S 
reflectivity spectra have been measured by Itoh and Inabe, who used 
Kramers-Kronig analysis to derive the Y2O2S real and imaginary parts of 
the frequency-dependent dielectric function and its absorption spectrum 
[14]. Their calculated Y2O2S bandgap was 6.77 eV and was obtained 
using the Wannier-Mott model for the energy levels of the exciton. 
However, this value is considered overestimated [15]. The Y2O2S elec-
tronic band structure has been previously calculated using density 
functional theory (DFT) [7,16], which confirmed that the Y2O2S 
bandgap is indirect. Li and Ahuja used the full-potential linear muffin-tin 
orbital method to calculate the Y2O2S electronic structure, its elastic 

constants, and its dielectric function [15]. The authors reported the 
Y2O2S dielectric constant at 5.3, which is close to the corresponding 
La2O2S experimental value of 4.67 [17]. 

Among rare earth atoms, erbium (Er) is one of the most studied 
dopants for its luminescence in the near infrared and visible region [18, 
19]. Due to the availability of the 980 nm laser, where ytterbium (Yb3+) 
has a strong absorption, Er3+ shows promising, as a center for both 
Stoke’s and anti-Stokes luminescence [20]. Buddhudu and Bryant 
measured the Y2O2S:Er+3 and La2O2S:Er+3 absorption spectra and 
identified the Er intraband f–f transitions [21]. Pokhrel et al., used 
crystal field theory to examine these intraband transitions and correlate 
them with experimental absorption spectra for Y2O2S:Er+3 at Er con-
centrations up to 10%. In addition, they reported the band structure for 
Y2O2S and the density of states (DOS) for both Y2O2S and Y2O2S:Er+3. 
However, no correlation between electronic and optical properties was 
made. In this paper, we have performed a detailed study using various 
computational methods, such as DFT [22,23], simulated x-ray near edge 
structure (XANES), and beyond, to correlate electronic band spectra for 
Y2O2S:Er+3 with frequency-dependent optical properties, such as the 
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dielectric function, reflectivity, refractive index, and absorption coeffi-
cient. XANES is proportional to the imaginary part of the 
frequency-dependent dielectric function and is used to determine tran-
sitions from core and valence states to unfilled and partially filled bound 
states and to the continuum [24]. 

Here, our DFT calculations are complemented with experimental 
absorption spectra for Y2O2S:Er3+. The electronic structure is calculated 
using DFT and the Hubbard U DFT+U correction by Liechtenstein et al. 
[25], for both the host Y2O2S and its doped structures. The computa-
tionally expressive hybrid HSE06 functional [26] and the many-body 
GW0 approximation [27] are also used for the bandgap estimation of 
the Y2O2S host. The GW approximation accurately calculates the exci-
tation spectra (i.e., quasiparticle energies), by correctly considering the 
electron-electron correlation effects [28,29], whereas in the GW0 the 
green function G is updated till its convergence is obtained 
self-consistently. We calculate the Y2O2S host optical properties using 
the independent particle approximation (IPA) [30,31], the random 
phase approximation (RPA) [32], and the RPA corrected version using 
GW0 for the quasiparticle energies (GW0+RPA). RPA and GW0+RPA are 
of higher accuracy than IPA but impractical when large supercells are 
used. The IPA is used for optical properties calculations of the doped 
Y2O2S:Er+3 to analyze the Er 4f intraband transitions. These intraband 
transitions are also revealed from the calculated XANES at the Er 
M5-edge, though examination of its pre-edge region. 

2. Experimental and computational methods 

2.1. Synthesis and characterization of the host Y2O2S and the doped 
Y2O2S:Er3+

2.1.1. Synthesis 
The Y2O2S:x%Er3+ (x = 0, 3, 7, and 10 mol%) were synthesized using 

a two-step method. At the first step, the Y2O3:x%Er3+were synthesized 
using the homogeneous precipitation method [33]. All chemicals were 
99.9% pure and were purchased from Sigma–Aldrich. Y(NO3)30.6 H2O 
(5 mM) and Er(NO3)30.6 H2O (1–10 mol% of Y(NO3)30.6 H2O) were 
dissolved in 1.0 M concentrated urea solution set with circulating bath at 

90 ◦C for 3 hrs, upon constant stir. The OH– ions were generated through 
solubility of urea in water. Additional details on the homogeneous 
precipitation synthesis method can also be found in past publications 
[33]. In the second step, the as prepared Y2O3:x%Er3+ were sulfureted 
by using the double crucible method, as reported in the literature [34]. 
Sulfur powder and the Na2CO3 and K3PO4 (Sigma Aldrich, 99.99%) were 
used as flux. The precursor materials were thoroughly mixed and 
annealed in a box furnace. The ramp up rate was maintained at 
10 ◦C/min, but the furnace was allowed to cool down naturally after 
annealing the mixture at 1100 ◦C for 90 min. Room temperature samples 
were washed with distilled water and alcohol. The washed powder was 
dried and grinded for further characterization. 

2.1.2. Sample characterization and absorption spectra 
Powder x-ray diffraction (XRD) patterns of the Y2O2S:x%Er3+ (x = 0, 

3, 7 and 10) were collected using Bruker 800D x-ray diffractometer with 
CuKα1 radiation (λ = 0.15,406 nm). The XRD data were collected by 
scanning mode in the 2θ ranging from 10◦ to 80◦ with a scanning step 
size of 0.04◦ and a rate of 1.0◦ min−1. The excitation, and emission 
spectra including lifetime measurements of the Y2O2S:Er3+ powders 
were measured using an Edinburgh Instruments FLS980 fluorometer 
system. The absorption spectra were measured in the 300–1700 nm 
range using the Lamda-9000 UV–VIS–NIR Perkin Elmer spectropho-
tometer in reflection mode. 

2.2. Computational modeling and parameters 

2.2.1. Unit cell and supercell modeling 
Fig. 1 shows the Y2O2S unit cell in a triclinic form (space group 

P3m1) and its supercell in cubic form for Y2O2S doped with 9.375% Er+3 

(i.e., 3 Er atoms in the unit cell). This supercell is used for all doped 
Y2O2S:Er+3 configurations and for the host Y2O2S. Each yttrium atom is 
coordinated with three oxygens as nearest neighbors, one oxygen as next 
nearest neighbor, and with three sulfur atoms thereafter. The Y2O2S 
supercell is built from the triclinic unit cell by using the following 
transformation matrix 

Fig. 1. (a) The crystal structure of the Y2O2S unit cell in its triclinic form and (b) and (c) the Y2O2S:Er+3 with 9.375% Er doping in a cubic form after using the 
transformation of Eq. (1). The thin lines denote the unit cell boundaries. Atoms are colors as follows: Er, Y, O, and S are violet, green, red, and yellow, respectively. 
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and contains 80 atoms. We also use a smaller 10-atom unit cell for the 
host Y2O2S (x = 1 in Eq. 1), where we calculate optical properties using 
the IPA, RPA, and GW0 methods. 

The XANES calculated spectra for the Y2O2S: Er+3 configurations are 
obtained using clusters of 140 atoms and radius of about 7.9 Å around 
the absorbing Er atom. For the undoped case, XANES is calculated using 
the k-space approach [35], and thus a Y2O2S unit cell is used (Fig. 1a). 

2.2.2. DFT parameters 
DFT electronic calculations, optimal geometries, and optical prop-

erties of Y2O2S and Y2O2S doped with Er+3 were performed using the 
periodic code Vienna Ab initio Simulation Package (VASP) [36–39] 
under the PAW pseudopotentials [40,41]. The Kohn–Sham equations 
were solved using the generalized gradient approximation under the 
Perdew–Burke–Ernzerhof (PBE) functional [42]. We use the D3 semi-
empirical correction by Grimme [43], which improves the DFT func-
tionals descriptions for the long-range electron correlations responsible 
for van der Waals interactions. The kinetic energy cutoff for all calcu-
lations was 525 eV. Optimal geometries were obtained by relaxing all 
atomic positions till the forces on each atom are ≤ 10−4 eV/Å. The 
energy SCF convergence threshold is set at 10−9 eV per atom. The 
Brillouin-zone (BZ) was sampled using the 4 × 4 × 4 Monkhorst-Pack 
grid for geometry optimizations and electronic information [44]. Opti-
cal properties are calculated using the Γ-centered 6 × 6 × 6 BZ grid. We 
also report additional optical properties calculations using the denser 
Γ-centered 8 × 8 × 8 grid for the 10-atom Y2O2S unit cell. Fig. 2 shows 
the BZ path used here for electronic band structure calculations. The 
band structure and the DOS are performed with both DFT and DFT+U 
calculations [25], the latter leads to a larger bandgap for Y2O2S, which is 
closer to experimental findings. For the 10-atom Y2O2S host structure, 
the bandgap is calculated by both the HSE06 and the GW0 approxima-
tion, which are both impractical to be used with the 80 atoms supercells. 
Additional grids are used for the evaluation of the augmentation 
charges, thus enhancing the accuracy of our calculations. The valance 
electron configurations for Y, O, S, and Er are 4s24p65s14d2, 2s2 2p4, 3s2 

3p4, and 5s25p64f115d16s2, respectively. 
The Bader Charge Analysis code [45–48] was used to obtain 

Bader-type ion charges [49] for the configurations of this work. This 
code, developed by Henkelman and co-workers, partitions the charge 
density grid into Bader-type volumes and scales linearly with the num-
ber of grid points. Thus, this code can be used for large systems. 

2.2.3. Optical properties 
The frequency-dependent dielectric function is written as 

ε(ω) = εR(ω) + iεI(ω) (2)  

where εR(ω) and εI(ω) are the dielectric function real and imaginary 
parts, respectively. The refractive index n(ω), the extinction coefficient 
κ(ω), the absorption coefficient α(ω), and the reflectivity R(ω) are given 
by 
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RPA and GW0+RPA calculations include local field effects at the 
Hartree level [50]. 

2.2.4. XANES parameters 
XANES is calculated using the FEFF 10 [51–53] code through real 

space Green functions under self-consistent calculations, which account 
for more accurate chemical shifts. All our calculations consider full 
multiple scattering. The exchange interaction was accounted using the 
Hedin-Lundqvist pseudopotential [54] and the absorbing atom core hole 
was treated using the RPA method. We also use FEFF 10 to calculate 
projected DOS, which shows the orbital contribution for the x-ray edge 
transitions. For FEFF calculated DOS, the Lorentzian parameter of 
0.1 eV half-width was used. 

Fig. 2. The first BZ of the Y2O2S cubic lattice with the symmetry points as 
follows: Γ, Z, D, B, A, E, Y′, and C′ are found at (0, 0, 0), (0, ½, 0), (0, ½, ½), (-½, 
½, ½), (-½, 0, 0), and (-½, ½, 0), respectively. The BZ path used Γ-Z-D-B-Γ-A-E-Z- 
C′-Y′-Γ is shown by purple arrows. 

Fig. 3. XRD spectra with the corresponding Miller indices. (a) as synthesized 
Y2O2S and Er3+ doped samples, (b) 3%, (c) 7%, (d)10% Er+3, and (e) VESTA 
calculated spectra for the supercell structure of Fig. 1b. 
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3. Results and discussion 

3.1. Structural information for the host Y2O2S and the Y2O2S:Er+3 

Fig. 3 shows the XRD patterns for the as synthesized Y2O2S: x%Er3+

(x = 0, 3, 7, 10 mol%) in comparison with the JCPDS card no.:26–1612 
and the VESTA calculated spectra for Y2O2S:Er+3 at 9.375% doping. The 
Miller indices for the calculated spectra correspond to the supercell 
structure of Fig. 1b, which is cubic, whereas the ones for the experi-
mental spectra refer to the triclinic phase. The VESTA calculated XRD 
spectra for the Y2O2S using the triclinic configuration of Fig. 1a can be 
found in Fig. S1, where its Miller indices are in excellent agreement with 
the experimental XRD spectra of Fig. 3. There is a peak alignment among 
all XRD spectra, and no additional phases are observed (Fig. 3, S1). This 
shows that the Y2O2S:Er+3 have the same crystal phase as the corre-
sponding host Y2O2S and that no significant changes are observed in the 
Y-O and Y-S distances due to doping with Er. Moreover, our work au-
thenticates the current synthesis approach of Y2O2S and Y2O2S:Er3+

phosphors. 
Table 1 shows our DFT calculated lattice parameters and bandgaps 

for the Y2O2S and the Y2O2S:Er+3, at various Er concentrations. Our 
calculated lattice parameters for Y2O2S well agree with past experi-
mental and computational reports. For Y2O2S, our calculated Y-O dis-
tances are 2.26 Å for three Y-O distances and 2.29 Å for one Y-O 
distance, whereas the Y-S distance is 2.868 Å, in agreement with Pokhrel 
et al. [7]. For 9.375% Er doping, which is the maximum doping used at 
the computational part of this work, the Er-O and Er-S distances are 
2.276 Å (three Er-O distances) and 2.316 Å (one Er-O distance) and 
2.851 Å, respectively. These distances are about the same as the Y-O and 
Y-S distances, in agreement with the XRD results (Fig. 3). 

3.2. Electronic band structure, densities of states, and charge transfer 
calculations 

Fig. 4 shows the electronic band structure and the total DOS and per 
orbital for the host Y2O2S and its doped counterparts at 3.175%, 6.25%, 
and 9.375% Er concentrations. In addition, Fig. 4b shows electron ex-
citations, which correspond to excitations deducted from the optical 
properties’ calculations. Fig. S2 shows the same information as Fig. 4 
(without excitations) but under the DFT+U calculations, with Ud(Y) 
= 12 eV and Jd(Y) = 1 eV. The U and J values were selected so that the 
calculated bandgap is closer to the experimentally accepted values of 
4.4–4.6 eV [10–12]. The U values are larger for 4d than 5d elements due 
to the higher electron localization for smaller quantum numbers [55]. 
Additional calculations showed that further increase of the Ud(Y) 
parameter minimally affected the bandgap. Our DFT calculations show 

that the Y2O2S is a semiconductor with indirect bandgap, in agreement 
with past reports [7,16]. The Y2O2S valance band top is mainly of S-p 
and O-p orbitals, with some Y-d orbital contribution, whereas in the 
conduction band bottom the Y-d orbital dominates with some minor 
contributions from the O-p orbitals (Fig. 4). The valence band top be-
comes almost flat between the B and A points of the BZ, which is 
indicative of a heavy-hole band. Our DFT calculations show that the 
bandgap is 3.01 eV, which agrees with past reports from DFT calcula-
tions [7,15]. DFT underestimates the Y2O2S bandgap, which is experi-
mentally detected between 4.6 and 4.8 eV, as explained in the 
introduction. Our HSE06 hybrid functional calculations, using the 
smaller 10-atom Y2O2S unit cell, showed a 3.94 eV bandgap at the Γ 
point, which is closer to the accepted experimental values. However, our 
GW0 calculations showed a bandgap at the Γ point of 5.30 eV, which is 
an overestimation of the experimental bandgap. Additional calculations 
using the Bethe-Salpeter equation (BSE)[56], which accounts for the 
electron-hole interaction, showed an improved calculated bandgap of 
5.08 eV. Although HSE06, GW0, and HSE are considered superior to 
DFT, they are impractical to be used for unit cells that contain more than 
a few atoms due to significant RAM requirements and CPU demand. 

Our DFT+U calculations show an increased bandgap for the Y2O2S 
bandgap, which is in better agreement with experiments. However, this 
bandgap is now direct, in contrast with our DFT calculations and past 
reports. Therefore, the improvement on the Y2O2S bandgap by DFT+U is 
fortuitous. Kirchner-Hall et al. provided an extensive benchmark of the 
DFT+U bandgaps on several materials including oxysulfides, such as the 
Y2O2S [57]. The authors found that for d0 elements, such as Y in the 
Y2O2S, DFT+U bandgaps are more sensitive to the projection methods 
used than the actual U value. Specifically, they found that for atomic 
localized functions, such as the ones used in this work, DFT+U fails to 
improve the bandgaps. Therefore, the DFT calculated band structure is 
sufficient for our analysis and a rigid scissor shift of about 1.6–1.8 eVs 
can be used to provide a band structure closer to the experimental one. 

Doping with Er shows the Er 4f states at the Fermi energy region and 
splitting of the host bandgap to two smaller direct bandgaps. The Er 
doping and both bandgaps increase in an analogous relationship. DFT 
underestimates the width of the Er 4f band due to not correctly ac-
counting for the partial localization of these electrons. The DOS calcu-
lations show that increased Er doping leads to more Er 4f states, which 
agrees with the increased light absorption observed experimentally [7]. 
However, the same calculations show no changes in the Y, S, and O 
orbitals due to doping (Fig. 4). 

For the Y2O2S host, the Bader charge analysis shows charge transfers 
of 2.06 e per Y atom towards O and S atoms, which is in contrast from 
what is expected from the chemical formula. The O and S atom charges 
increase by 1.38 e per atom relative to their charges as isolated atoms. 
Calculated ion charges directly from VASP using projected localized 
orbitals [58] show similar results, as the above Bader calculated charges. 
Similarly, for the Y2O2S:Er+3 with 3.175% Er, the Bader charges show 
charge transfer of 1.58 e per Er atom and 1.62 e per Y atoms towards S 
and O atoms. In this case, the O and S atoms increase their per atom 
changes by about 1.14 e and 1.09 e, respectively. These results support 
that Er and Y form covalent bonds with S and O atoms in the yttrium 
oxysulfide structures. 

3.3. Optical properties experiments and calculations 

3.3.1. Experimental absorption spectra 
Fig. 5 shows the experimentally measured absorption spectra for 

Y2O2S: Er at 10% concentration. The absorption bands of the Er3+ ions 
correspond to transitions from the 4I15/2 ground state to various Er 
excited levels. Absorption bands were observed at 410 nm, 460 nm, 
490 nm, 530 nm, 550 nm, 670 nm, 820 nm, 980 nm, and 1550 nm and 
are assigned to the Er+3 4f → 4f intraband transitions 4I15/2 → (4G, 4F, 
2H9/2), 4I15/2 → 4F5/2, 4I15/2 → 4F7/2, 4I15/2 → 2H11/2, 4I15/2 → 4S3/2, 4I15/ 

2 → 4F9/2, 4I15/2 → 4I9/2, 4I15/2 → 4I11/2, and 4I15/2 → 4I13/2, respectively. 

Table 1 
Structural parameters and bandgaps (Eg) for Y2O2S and its Er+3doped counter-
parts. Values in parenthesis refer to experimental and computational data from 
the literature.  

Structure Lattice Parameters Bandgap  

a (Å) c (Å) Eg (eV) 

Y2O2S 3.7826 6.5689 3.01; 3.80a; 3.94b; 5.30c  

(3.7910)c[14] (6.596)c[14] (4.6[11], 4.8[10], 6.77 
[14])d  

(3.750)[12]e (6.525)[12]e (2.61)[12]e  

(3.7611)[7]f (6.4770)[7]f (2.979)[7]f  

(3.751e; 
3.816 f) 

(6.527e; 
6.640 f) 

(2.8e; 3.00 f)[15] 

Y2O2S: 3.125% 
Er+3 

3.7820 6.5696 2.73, 0.13; 2.92a, 0.13a 

6.25% Er+3 3.7815 6.5703 2.75, 0.18; 2.96a, 0.34a 

9.375% Er+3 3.7807 6.5707 2.77, 0.20; 2.94a, 0.38a 

a DFT+U data with Ud(Y) = 12 eV and Jd(Y) = 1 eV; b HSE06 calculations; c GW0 
calculations d Experimental data e DFT-LDA data; f DFT-GGA data 
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The prepared material using two step synthesis method shows the 
typical Er3+ absorption spectra and agree with the data from the Y2O2S: 
Er3+ synthesized using the solid state method reported previously [7]. 
Fig. 5 shows that the highest absorbance is observed at 525 nm, whereas 

the absorbance at the near infrared (i.e., 1.54 µm) and around 411 nm 
and 453 nm are small. This shows that the Er doping causes transitions 
in the visible and the near infrared region. 

Fig. 4. Electronic band structure with orbital projections using the BZ path of Fig. 2 and corresponding total and projected DOS per orbital for Y2O2S ((a) and (b)) 
and doped Y2O2S with 3.125% Er ((c) and (d)), 6.25% Er ((e) and (f)), and 9.375% Er. Gray doted arrows denote optical transitions. The dashed horizontal line is the 
Fermi energy (EF). The 80-atom unit cells were used. 

Fig. 5. Absorption spectra of Y2O2S: Er3+ at 10% Er concentration in a pallet form of powder. The assignment of the absorption spectra was based on previous 
publication [7]. 
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3.3.2. Calculated optical properties for the host Y2O2S 
Fig. 6 shows the real and the imaginary part of the Y2O2S frequency- 

dependent dielectric function using the 10-atom unit cell, as well as its 
absorption coefficient α, reflectivity R, and refractive index n. Here, we 
used the IPA, the RPA, and the GW0+RPA method under the 6 × 6 × 6 
BZ grid centered at the Γ point. We have also repeated the IPA and RPA 
calculations using the larger Γ-centered 8 × 8 × 8 grid (Fig. S3). Table 2 
shows the dielectric function maximum values and its locations in the 
energy spectrum for the imaginary part of the dielectric function, as well 
as the dielectric constant εR(0) and the bandgap obtained from the onset 
of the εI(ω), for all the structures of this work. The denser grid does not 
significantly shift the IPA and RPA calculated optical properties 
maximum values in the energy spectrum. However, the maximum of the 
imaginary part of the dielectric function appears smaller in the denser 
grid calculations (Table 1). The GW0+RPA calculated frequency- 
dependent optical properties appears as energy shifted RPA calcula-
tions and are systematically lower than the corresponding properties 
calculated from the RPA and IPA, except for the absorption coefficient 
maxima. The results from the IPA are in a very good agreement with the 
RPA results up to about 20 eV. Therefore, for this work, we can safely 
use the IPA to calculate optical properties for the larger 80-atom unit 
cells. Fig. 7 shows the dielectric function for the Y2O2S and its Er doped 
counterparts using the IPA method, whereas Fig. 8 show their α, R, and 
n. Figs. 6–8 and S2 show that there are analogous relationships between 
the imaginary part of dielectric function εI(ω) and the absorption coef-
ficient α(ω) and the real part εR(ω) and the refractive index n(ω), 
respectively. 

The GW0+RPA shows that for the host Y2O2S, n(ω) ≤ 1 at about 
13.2 eV, in agreement with the n(ω) for wide-band semiconductors and 
insulators (Figs. 6e, 8c). The peaks in the εI(ω) denote transitions from 
the valence band to the conduction band, whereas the energy value at 
the onset of the εI(ω) is the bandgap. For the 80-atom unit cell, the εI(ω)

onset for the Y2O2S is found at 3.26 eV, which is close to its bandgap 
value obtained from the band structure (Fig. 4a). For the IPA and RPA 
calculations, the bandgap values obtained from the εI(ω) onsets are 
slightly larger than the corresponding values from the band structure 
calculations, whereas the opposite is found for the GW0+RPA. Our 
calculations show that the host Y2O2S has no absorption peaks in the 
visible (~ 1.8 −3.0 eV), in agreement with past reports [14,15]. 

For the 80-atom Y2O2S unit cell, the εI(ω) highest peak is found at 

6.91 eV, whereas three other peaks are found at 4.74 eV, 5.20 eV, and 
6.42 eV. The calculations using the smaller unit cell show the εI(ω)

highest peak at 7.24–7.26 eV using the IPA method, with the RPA cal-
culations showing the same maximum value also at 7.91–7.92 eV. The 
εI(ω) highest peak using the GW0+RPA method is found at 10.08 eV, 
which is blue shifted by about 2.8 eV relative to the IPA calculations. 
Our IPA and RPA results are in excellent agreement with the past cal-
culations by Li and Ahuja, who found Y2O2S εI(ω) peaks at 4.65 eV, 
5.16 eV, and 7.1 eV, the last being the maximum for εI(ω). Experimen-
tally, the maximum εI(ω) was found at 6.1 eV followed by a peak at 
7.7 eV of less εI(ω) [14]. Since the DFT calculated bandgap differs from 

Fig. 6. (a) The real (εR) and the imaginary (εI) part of the frequency-dependent 
dielectric function for Y2O2S as a function of energy using the IPA, RPA, and 
GW0+RPA, (b) the absorption coefficient α, (c) the reflectivity R, and (d) the 
refractive index n. The 10-atom Y2O2S unit cell were used. 

Table 2 
The real and the imaginary dielectric function static (εR(0) and εI(0)) and 
maximum values (εR(ω)max and εI(ω)max) and the energy value of the εI(ω) onset, 
per method and unit cell configuration used. The energy locations of the εI(ω)max 
are given in parentheses. Values in square brackets refer to the calculations using 
the Γ-centered 8 × 8 × 8 grid.  

Property  Material & Method   

Y2O2S  Y2O2S:Er+3     

3.175% 
Er 

6.25% 
Er 

9.375% 
Er  

IPA RPA GW0 

+RPA 
IPA2 

εR(0)3,4 5.49 
[5.47]1 

4.84 
[4.79]1 

3.941     

5.252   11.93 21.15 37.86 
εR(ω)max 9.08 

[8.74]1 
7.83 
[7.82]1 

6.441   

10.232   10.07 9.91 9.74 
εI(ω)max 9.77 

[9.28] 
8.07 
[7.75] 

6.81    

(ω) (7.28 
[7.26])1 

(7.28; 
7.90) 
([7.28; 
7.90]) 

(10.08)     

10.822   10.64 10.46 10.56 
(ω) (6.91)2   (6.94) (7.01) (7.02) 
Onset 

εI(ω)5,6 
3.40 [3.43] 5.14     

3.322 

110 atom unit cell; 2 80 atom unit cell; 3 experimental value 4.67 for La2O2S from 
Ref. [4,14] calculated value of 5.3 from Ref. [5,15] experimental value 5.00 
from Ref.[14]; calculated value 3.00 from Ref. [14]. 

Fig. 7. (a) The imaginary part of the frequency-dependent dielectric function 
(εI) using the IPA for the host Y2O2S and its Er+3 doped counterparts and (b) the 
real part (εR). 
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the experimentally observed bandgap by 1.6–1.8 eV, applying this rigid 
shift to the above values provides a good agreement of the IPA calcu-
lations, using the 80-atom unit cell, with the experimental data. Inter-
estingly, the GW0+RPA εI(ω) peaks are blue shifted relative to 
experiments. 

Li and Ahuja assigned their first εI(ω) peak at 4.65 eV to the Y-4p→Y- 
4d transition, whereas Itoh and Inabe assigned their corresponding first 
εI(ω) peak to the S-3p→Y-4d transition. Our DOS calculations show an S 
3p peak at about 1.13 eV below the Fermi energy, which overlaps with a 
significantly smaller peak of Y 4p. Our εI(ω) peak at 4.8 eV is assigned to 
transition 1 in Fig. 4b. Similarly, the other three εI(ω) peaks located at 
5.20 eV, 6.42 eV, and 6.94 eV are assigned to transitions 2, 3, and 4 
respectively. 

The real part of the dielectric function describes the material’s po-
larization and is used to calculate the static dielectric constant εR(0). 
Table 2 shows that the RPA calculations for the 10-atom unit cell and the 
IPA calculation for the 80-atom unit cells provide εR(0) values closer to 
the experimentally reported value. Our GW0+RPA calculations under-
estimate εR(0) in contrast to the IPA and RPA calculations. The ab-
sorption coefficient a is close to zero in the visible and the infrared part 
of the spectrum for all materials of this work. There is a relationship 
between a, R, and transmitted light T as T = (1 − R)

2exp( − ad)/[(1 −

R2exp( −2ad)], where d is the distance light travels in the material [59]. 
Thus, in the case of a ≅ 0, and R alone is sufficient for estimating the 
amount of light transmitted. For the host Y2O2S, the absorption coeffi-
cient is at maximum at 8.50–9.07 eV for the IPA and RPA and 11.66 eV 
for the GW0+RPA (ω ≤ 20 eV). Scafetta et al. stated that maximum 
peaks in the absorption coefficient spectrum correspond to a transition 
from a valance band of maximum DOS to a conduction band of also 
maximum DOS [60]. In this case, this is the O-2p→Y-4d, and is shown as 
transition 4 in Fig. 4a. 

The host Y2O2S static reflectivity R is 10.87–16.03% for all methods 
and unit cells of this work, with the lower end value corresponding to 
the GW0+RPA calculations. Reflectivity increases to a maximum of 
34.39–45.84% for the IPA and RPA calculations. As expected, the host 
Y2O2S is not a good candidate as a mirror-type coating material. The 
refractive index n for the host Y2O2S starts at 1.98–2.33 and is maxi-
mized to 2.85–3.26, with the larger energy referring to the GW0+RPA 
calculations. As stated above, the refractive index becomes less than 1 at 
energies expected from wide-band semiconductors and insulators. 

3.3.3. Optical properties calculations for the Y2O2S:Er+3 doped 
configurations 

Figs. 7 and 8 show that doping Y with Er atoms in the Y2O2S has 
minimal effects in the optical properties except in the energy region 
below the bandgap. The εI(ω) for the doped configurations show peaks 
at 1.37 eV, 0.50 eV, and 0.07 eV (Fig. 7a) in order of increasing intensity 
εI(ω). There is an analogous relationship between the εI(ω) intensities of 
these peaks and the Er doping. The above energies are transformed to 
the wavelengths 418 nm, 590 nm, and 742 eV, respectively, by applying 
a rigid energy shift of about 1.6 eV. Therefore, we can assign these peaks 
to the closest peak in our experimental absorption spectra (Fig. 5) as 
follows: The 1.37 eV peak corresponds to the low intensity peaks of 
400 nm and 450 nm, the 0.50 eV peak to the high intensity 525 nm 
peak, and the 0.07 eV to the peaks at 650 nm or 800 nm. Recall that the 
imaginary part of the frequency-dependent dielectric function of the 
host Y2O2S shows no peaks before the εI(ω) onset. Therefore, these 
transitions do not involve the conduction band and are intraband tran-
sitions within the Er 4f band. Table 2 shows that the static dielectric 
constant εR(0) is increased with increased Er doping, which is indicative 
of an improved dielectric material. 

Fig. 8 shows that the static reflectivity R(0) increases along with 
increased Er doping, reaching a value of 54.86% for 9.375% Er doping. 
We found that R(ω) increases in the bandgap energy region, for energies 
below the plasma frequencies ωp. Our VASP calculated plasma fre-
quencies ωp are 0.17 eV, 0.26 eV, and 0.34 eV for Er doping of 3.175%, 
6.25%, and 9.375%, respectively. Since increased reflectivity reduces 
light transmission, we expect that the transmitted light intensity, which 
corresponds to the 0.07 eV peak to be very small. This agrees with our 
experimental absorption spectra and past reports that show that the near 
infrared Er emission is small. 

3.4. Simulated XANES on Y and Er edges 

XANES provides information about the geometry around the probed 
atom and electronic information for the states above the Fermi level.  
Figs. 9 and 10 show the FEFF calculated XANES spectra at the Y K-, L1-, 
L2-, and L3-edges and at the Er M5-edge, respectively together with the 
projected DOS per orbital (PDOS). 

The PDOS is used to assign transitions at the edge and pre-edge re-
gions [61,62]. At the x-ray edge, the absorption shows a first sharp rise, 
which is found in the literature as the “white line” and corresponds to 
transitions from filled states to states in the continuum. Selection rules 

Fig. 8. (a) The absorption coefficient α as a function of energy using the IPA 
method for undoped Y2O2S and its Er doped counterparts, (b) the reflectivity R, 
and (c) the refractive index n. 

Fig. 9. (a) The Y K- and L1-edge XANES spectra for the Y2O2S showing the 
normalized absorption (left y-axis) with respect to the energy relative to the 
ionization energy and projected DOS (PDOS) per Y and O s and p orbitals (right 
y-axis), as calculated by FEFF 10 and (b) the Y L2- and L3-edge XANES spectra 
(left y-axis) and the projected DOS per Y d and f orbitals (right y-axis). The 
vertical dashed line is the Fermi energy at − 7.819 eV. 
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dictate that Δl = lf−li ∕= 0, where lf and li are angular momenta quantum 
numbers for the initial and final states, respectively. Therefore, the 
white lines at the K- and L1-edges denote transitions from the 1s and 2s 
states, respectively to a p state in the continuum, whereas the L2 and L3 
white lines denote transitions from a 2p state to a d state in the con-
tinuum, respectively. Similarly, the M5-edge white line denotes a tran-
sition from a 3d state to an f state in the continuum. The FEFF calculated 
Fermi energies for the host Y2O2S and the Y2O2S:Er+3 with 9.375% 
doping are −7.819 eV and −7.943 eV, respectively. These values are 
close to the VASP calculated values −7.070 eV and −6.974 eV, respec-
tively. However, the FEFF calculated absorption spectra data are typi-
cally shifted in energy due to broadening [61]. The FEFF calculated 
valance band top PDOS are red shifted since the Fermi energy appears 
after the bandgap (Fig. 10). The Y s, Y p, and O p DOS peaks below the Y 
K- and L1-edges reveal the final state in the continuum for both edges 
(Fig. 9a). Similarly, for both Y L2- and L3-edges, the final state is the Y-d 
state (Fig. 9b). 

Pre-edge peaks denote transitions to bound states in the conduction 
band. Mao et al., observed no pre-edge feature in the Y K- and Er L-edges 
for Er doped yttrium oxide nanotubes. However, the XANES spectra at 
our Er M5-edge show several pre-edge features. Our focus is on the pre- 
edge broad shoulder of about 4 eV width in the vicinity of the Er 4f band 
and centered at around − 7 eV (Fig. 10). The width of this shoulder is 
about the same as the width of the Er 4 f band. This peak is not associ-
ated with the Er d-band, which is significantly broader (~8–9 eV width). 
Therefore, the presence of the pre-edge broad shoulder at −7 eV could 
be related to transitions within the Er 4f band. Moreover, we found no 
changes in the Er M5-edge due to increased doping. 

4. Conclusions 

We used computational methods to analyze the band structure and 
the optical properties of Y2O2S and its Er+3 doped counterparts at 
various Er concentrations. We also collected Y2O2S:Er+3 absorption 
spectra experimentally, which show light emission in the visible and 
near infrared, as expected. This light emission is attributed to Er f–f 
intraband transitions. DFT shows that the Y2O2S is a wide band semi-
conductor with an indirect bandgap, in agreement with past reports. Our 
DFT calculated bandgap is 1.6–1.8 eV smaller than what is expected by 
experiments. Our HSE06, GW0, and the BSE calculations improve the 

DFT calculated bandgap, with the latter to show the best agreement with 
the experiments. The bandgap improvement by the DFT+U calculations 
is fortuitous, and it alters the conduction band structure. The Er+3 

doping on Y2O2S causes the split of the Y2O2S bandgap to two smaller 
bandgaps, with the Er 4f orbitals to be located at the Fermi energy re-
gion. Therefore, the Y2O2S:Er+3 have semi-metallic properties. The DOS 
calculations and the Bader charge calculations show that Y(Er)-O and Y 
(Er)-S are covalent bonds. 

The dielectric function and other optical properties were calculated 
using the IPA, for all configurations of this work. Additionally, the RPA 
and the many-body GW0+RPA have been also used for the optical cal-
culations for the host Y2O2S and showed that the IPA provides reliable 
information for energies up to about 20 eV. The imaginary part of the 
dielectric function showed that the host Y2O2S has no transitions in the 
visible. For the Y2O2S:Er+3 cases, the imaginary part of the frequency- 
dependent dielectric function revealed three peaks in the bandgap en-
ergy region, which correspond to Er f–f intraband transitions. These 
transitions are in direct correspondence with our absorption experi-
mental data, by applying an energy rigid shift of about 1.6 eV. Reflec-
tivity calculations show that the transition that corresponds to the 
lowest energy is suppressed, in agreement with our experimental ab-
sorption measurement. Moreover, XANES calculations at the Er M5-edge 
show a peak at the pre-edge region in the proximity of the Er 4f band, 
which is indicative of the Er f–f intraband transitions. 
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Fig. 10. The Er M5-edge XANES spectra of the Y2O2S:Er+3 with 9.375% doping 
showing the normalized absorption (left y-axis) with respect to the energy 
relative to the ionization energy and projected DOS per Er orbital (right y-axis), 
as calculated by FEFF 10. The vertical dashed line is the Fermi energy at 
−7.943 eV. The DOS has been red shifted so that the Fermi energy coincides 
with the peak of the Er 4 f band. 
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